Abstract. Light-gradient photovoltage is detected in most of the photosynthetic systems. The effect depends on the intensity, duration and wavelength of short light pulse excitation and on the redox state of the illuminated photosynthetic membrane. In the region of small absorption the polarity of the photovoltage is negative, whereas in the high absorption regions it is positive. The sign depends moreover on the geometrical dimensions of the membrane and on the difference in the refractive indices between the membrane and the surrounding aqueous phase. Light-gradient photovoltage studies permit a quantitative determination of the membrane birefringence and refractive index anisotropy. 
PHOTOSYNTHESIS
Photosynthesis is the process by which green plants, algae and some bacteria use the energy from sunlight to produce sugar, which cellular respiration converts into ATP, the "fuel" used by all living organisms. The conversion of sunhght energy into chemical energy is associated with the actions of the green pigment chlorophyll. Usually the photosynthetic process uses water and releases the oxygen. One can write the overall reaction of this process as: 6H2O + 6CO2 > C6H12O6+ 6O2.
Primary events of photosynthesis, the first steps of the light energy conversion into the stabihzed chemical energy involve the following processes [1] : i) Photon absorption by the pigment and anterma chlorophyll excitation to Chi*, the first singlet state called exciton; ii) Transfer of the exciton to another pigment molecule; at this stage the excitation can disappear by fluorescence, by non-radiative transition, by exciton-exciton annihilation, or by photochemical reaction; iii) Energy "trapping", which is defined by the charge separation and terminates the "walk" of the exciton into the reaction centre (RC), a specialized protein membrane complex; iv) Electron transfer from the primary donor to the intermediary acceptor and next to the first stable acceptor (usually quinone derivative) and creation of the electric dipole moment across the photosynthetic membrane.
TIME SCALE
The above mentioned stages include a series of very fast reactions. Photon absorption creates the excited pigment state in about one femtosecond, and radical pair creation takes 1-3 picoseconds. In photosystem II (PS-II) of green plants, algae and cyianobacteria, the charge separation process involves electron transfer from the excited Chi, primary donor estimated P680*, to the intermediary acceptor, pheophytine (Phe). If quinine (QA), the next electron carrier, is oxidized (open RC), the electron is stabilized on it after a few hundred picoseconds [2, 3] . This stabilization permits the use of oxidation power of P680^ to split the water molecule H2O. If QA is reduced (closed RC), then the charge stabilization in vivo is not possible.
LIGHT AND POLARIZATION
Charge separation in RC changes the intensity and kinetics of the absorption and fluorescence in the spectrum range of 350-1060 nm. The asymmetric structure of the RCs in the direction across the photosynthetic membranes imphes that the creation of a radical pair is electrogenic. The distribution of electromagnetic radiation inside the chloroplasts, bulbs made of thylakoidal membranes or inside the photosynthetic bacteria is inhomogeneous. The light gradient generated in these objects is responsible for the anisotropy of the induced dipole moments, which can be probed with the help of electrodes [4, 5] . Therefore, creation, migration, aimihilation and trapping of the excitons in photosynthetic membranes can be traditionally studied by the spectroscopic methods and by the complementary technique of the photovoltage measurement. The latter is useful in the probing of a system being a mixture of different photochemical states, created after the complete or partial closure of RCs.
PHOTOVOLTAGE IN DIFFERENT SYSTEMS
In PS-II of green plants the photovoltage created due to light gradient can be observed only in especially prepared and oriented photosynthetic membrane fragments, called BBY membranes [3] ; the investigation of PS-I is performed on suspension of chloroplasts with blocked activity of PS-II. Photovoltage can also be studied in the whole photosynthetic bacteria and in spherical vesicles created by a single thylakoid membrane. When the light distribution in the photosynthetic membrane is known, the yield of photovoltage can be correctly interpreted in terms of the theory developed for simple geometrical systems like planar layers or spherical vesicles.
MATERIALS
Photosynthetic bacteria Rb. sphaeroides R.26.1 cells, broken chloroplasts from peas, EDTA-vesicles from spinach thylakoids and osmotically swollen thylakoids from spinach (blebs) were prepared as in [6] [7] [8] [9] .
METHODS
The method applied is based on measurements of photoelectric voltage appearing in the field of electric dipoles generated in the reaction centres. The asymmetric structure of the centres in the direction across the photosynthetic membranes implies that the creation of a radical pair is electrogenic.
Photovoltage
The distribution of light intensity within a single thylakoid is inhomogeneous and depends on the geometrical parameters of the thylakoid: the membrane thickness L and distance between membranes in thylakoid D, on the refractive index of the membrane.
n", of lumenal irmer phase of the thylakoid, «,, and of the external medium, «", ( Fig. I ) as well as on the intensity and wavelength of the incoming light X and time [8, 10, II] . This generates a light gradient responsible for the anisotropy of the created dipole moments (fewer dipole moments in the lower, than in the upper membrane), which can be probed with the help of electrodes [4, 5] . If e is the electron charge and d is the distance between the primary electron donor and the first electron acceptor, then each RC creates an elementary electric dipole whose moment in vacuum is equal to: mrdQ, and whose value depends on the dielectric constants of the membrane. For experiments in which continuous light is needed, the reflecting mirror directing the Pi flash to the sample is removed. The continuous illumination is sent to the sample along the same path as Pi. All light beams are sent to the measuring cell via a bifurcated fiberoptic light guide. The emerging hght is collected by means of lens at the entrance to the measuring cell, containing I |il of the suspension studied [12] .
Experimental Traces
The experimental traces are compared with the results of the convolution, assuming a bi-exponential charge displacement current. The parameters of such fits are the time constants, T; and T2, of the two electrogenic phases of the photovoltage and the ratio, A2/A1, of the electrogenicity parameters that represents the change in the dipole strength associated with the two steps of charge transfer. 
RESULTS

Amplitude and Time-course
Photovoltage amplitude and time-course measurements can be used to probe the trapping kinetics and the trapping efficiency resulting from an ultrashort flash excitation. The analysis of the signals, presented below, is also applied in other photosynthetic systems.
Two distinct phases can be distinguished in the time-course of the photovoltage. Fig. 3 . The slower phase is characterized by a time constant r2=I90±I0 ps, and contributes about 60% of the total amplitude. It is independent of the excitation energy (Fig. 4b) and of the initial fraction of RCs in the open state. This phase is assigned to the forward electron transfer from bacteriopheophytin to quinone. The fast phase is assigned to the appearance of the primary charge separated state (i.e. trapping). If all RCs are in the open state before excitation, the time constant of the fast phase decreases (Fig. 4b) and the photovoltage amplitude increases (Fig. 4a ) upon increasing energy of the flash. The shortening of the time constant TJ with increase in the flash energy indicates a faster trapping when the concentration of excitons is increased. The continuous hues in the figures resuh from the fits calculated with the kinetic and molecular parameter given in Table 1 [6, 7, 15] , in which these parameters are compared with the ones obtained for green plants and other photosynthetic bacteria.
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Wavelength Dependence
Chloroplasts
The wavelength dependence of the amplitude and polarity of the photovoltage has been observed in different photosystems. Figure 5 shows such a dependence of the normahzed photovoltage elicited from PS-I pea chloroplast suspension at 436 nm, 532 nm and a few wavelengths close to 680 nm [10] . The solid line represents the best fit calculated with: the refractive index of the membrane, «"=1.42, of lumenal inner phase of the thylakoid, «,= 1.34, and of external medium, «"=1.39; the membrane thickness, Z=5.1 nm and the distance between membranes in thy-lakoid, Z)=28 nm; the effective dipole moment induced in the RC, ^"^=5.3*10"^** m.C; sample dielectric constant, e =55; antenna size (the average number of antenna pigments per RC), 7V=200, and chlorophyll concentration in the membrane, [Chl]=0.45 M. 
Spherical Vesicles
A similar wavelength dependence of the photovoltage was observed in suspensions of large and small photosynthetic spherical vesicles [13, 14] . The best fits of the experimental results confirmed the values obtained for entire chloroplasts and gave the radial and tangential component of the membrane refractive index, n" =1.60, and «( = 1.42, respectively; the radii: r(EDTA-vesicles)=110nm, and r(blebs)=900nm, of small and large vesicle, respectively. IBOO FIGURE 5. Photovoltage ehcited from pea chloroplasts suspension as a function of X normalized to the number of absorbed photons per RC, Z, to optical density, OD, and to the sample dielectric constant e. The solid line represents the best fit calculated with the parameters given in the text, [11] .
DISCUSSION
The results presented in the papers [8, 10, 11] confirmed that the principles of propagation and interference of the electromagnetic waves determine the amplitude and polarity of the signal. The theory predicts the wavelength dependence of the photovoltage polarity and this prediction has been verified by the experimental findings. In the region of small absorption, the polarity is negative, whereas in the high absorption regions it is positive. The sign depends moreover on the geometrical dimensions of the membrane and on the difference in the refractive indices between the membrane and the surrounding aqueous phase. To fit the measured photovoltage data it was necessary to assume a birefringence of the membrane, An" = n" -w^ = 0.18 and a strong anisotropy of the dielectric constant e/=e/+0.55.
CONCLUSIONS
The experimental results indicate that the photovoltage induced in a suspension of whole chloroplasts [12, 15, 16] , or in a suspension of photosynthetic bacteria [6, 17, 18] is not due to the geometrical anisotropy of these objects. While observed in the objects of spherical symmetry, it proves that the intrinsic structure of closed single photosynthetic membrane is responsible for this effect. The light distribution in a system of thin absorbing layers depends on the three factors: absorption coefficients, refractive index differences, and the thickness of the layer with respect to the light wavelength, [8, 10, 11] . It is shown that this holds also for a thin absorbing layer forming a spherical vesicle, however, the ratio of the sphere radius to the wavelength is also important.
The birefringence of a photosynthetic membrane was quantitatively determined for the first time from photovoltage measurements [13, 14] . Also the first report on the anisotropy of the refractive index (actually its real part) in a biological membrane was based on such studies. One should admit that the insight into the details of the light gradient, electron or electric dipole gradient in photosynthesis, has become possible due to a development of very sensitive techniques of measurements of the voltage and current generated in biological membranes.
